With the current measurements performed by CMS and ATLAS experiments, the light charged Higgs scenario (m H ± < 160 GeV), is excluded for most of the parameter space in the context of MSSM. However, there is still possibility to look for heavy charged Higgs boson particularly in the s-channel single top production process where the charged Higgs may appear as a heavy resonance state and decay to tb. The production process under consideration in this paper is pp → H ± → tb + h. 
I. INTRODUCTION
The neutral Standard Model (SM) Higgs boson with a mass of approximately 125 GeV was discovered by the CMS and ATLAS experiments [1] [2] [3] at CERN LHC in 2012 and marked a great triumph in the particle physics. Most of the properties till now have been found consistent with those predicted for the SM Higgs boson. However, the present scenario raises some interesting questions about the origin of the Electroweak Symmetry Breaking (EWSB). It is undoubtedly said that the scalar sector of SM does engineer all of EWSB, but at the same time there are very convincing evidences from theoretical calculations and experimental signatures that SM needs to be superseded with other dynamics in order to consistently explain the issues regarding the dark matter in the universe, neutrino masses and naturalness problem.
Early attempts towards extending the SM scalar sector resulted in the Two Higgs Doublet Model (2HDM) [4] [5] [6] [7] , the Minimal Supersymmetric Standard Model (MSSM) [8] [9] [10] and Next to Minimal Sypersymmetric Standard Model (NMSSM) [11, 12] .
The discovery of another scalar boson, neutral or charged, would serve as unambiguous evidence for the new physics beyond the SM. The MSSM used as a benchmark in this paper is a special case The discovery of charged Higgs is quite challenging at particle colliders. On the other hand charged Higgs bosons provide unique signatures due to their electric charge which makes them different from neutral SM Higgs bosons in terms of their production, interaction and decay properties.
Therefore there have been extensive searches for this particle over the last few years at Tevatron and LHC.
If the mass of charged Higgs m H ± is smaller than the mass difference between top and bottom quarks, m H ± < m t − m b , the dominant production mechanism for the charged Higgs is via top quark decay: t → bH ± . In this case the charged Higgs production is preferably produced via tt production process. Most of the studies performed at LEP, Tevatron and LHC focus on light charged Higgs mass domain, where charged Higgs predominantly decays into a pair of τ ν tanβ > 5 [13] [14] [15] or into jets (H ± → cs).
In case of the heavy charged Higgs with m H ± > m t + m b the dominant production mode is the top quark associated production H ± tb. In this case, charged Higgs decay to a top quark, i.e., H ± → tb, is kinematically allowed. However, identification of ttbb signal in the presence of the huge irreducible background becomes difficult. Due to this reason, most early LHC analyses focus on the sub-dominant decay H ± → τ ν or H ± → cs in order to get advantage of suppressed backgrounds using τ -identification tools.
Apart from tt production mechanism, the single top production processes at LHC have also been proved to be significant sources of charged Higgs in both low and high mass regions. Recently, there have been a number of analyses focusing on single top production as a source of charged Higgs.
The light charged Higgs study has been performed in a t-channel single top production through top quark decay (pp → tq → qbH ± → qbτ ν) if the τ lepton decays hadronically [16] or leptonically [17] . The heavy charged Higgs has been analyzed through s-channel single top production in the leptonic final state (pp → tb → bbW ± → bbl ± ν l ) [18] . The off-diagonal couplings between incoming quarks in the s-channel single top production have also been studied leading to an enhancement of the total cross-section by a factor of 2.7 [19] . Similarly in [20] the t-channel single top production has been considered as a source of charged Higgs exchange, though being observable at very high integrated luminosities and high tanβ values.
In [21] and [22] , the s-channel single top has been considered as a source of charged Higgs production and decay to tb where the W boson from the top quark decay, undergoes a hadronic decay to a pair of light jets. To the best of our knowledge, no more detailed analysis of this type exists in the literature. The aim of this paper is to study the s−channel single top in the chain pp → H ± → tb → bbW → bbj 1 j 2 at LHC using new techniques and generators focusing on the charged Higgs mass in the available area of the parameter space which has not yet been excluded by LHC data, i.e., 200 < m H ± < 400 GeV. There are background processes like QCD multi jets and W+jets which make it a challenging analysis. However, as will be seen, they can be well under control.
In the following sections, signal and background events are introduced and their cross sections are presented. An event selection and analysis is described in detail with the aim of charged Higgs invariant mass reconstruction with different mass hypotheses. Finally an estimation of accessible regions of MSSM parameter space (m(H ± ),tanβ) for a 5σ discovery or exclusion at 95% C.L. is The charged Higgs search has been performed for decades, at colliders like LEP [23] , Tevatron [24] and LHC using the ATLAS [25] [26] [27] [28] and CMS [29, 30] experiments. Experimental exclusion limits are set by the LEP experiments at m H ± > 79.3 GeV at 95% C.L. independently of the branching ratios [31] , assuming BR(cs) + BR(τ ν) = 1. Assuming BR(τ ν) = 1 for the low charged Higgs mass, the set limit is 87.8 GeV. For the heavier charged Higgs boson the best current limits are set by ATLAS and CMS.
For the charged Higgs mass range 80 GeV < m H ± < 160 GeV, ATLAS imposes 95% CL upper limits on BR(t → H ± b) in the range 0.23 − 1.3%, and for the mass range 180 GeV < m H ± < 1000 GeV, 95% CL upper limits on the production cross-section in the range 0.0045 − 0.76 pb, both with assumption that BR(H ± → τ ν) = 1 [28] .
Similarly in the mass range 80 GeV < m H ± < 160 GeV, 95% CL upper limits on BR(t → H ± b) are set in the range 0.16 -1.2%, and for 180 GeV < m H ± < 600 GeV, 95% CL upper limits on production cross-section of charged Higgs are set in the range 0.026−0.38 pb, both with assumption that BR(H ± → τ ν) = 1 in CMS Experiment [30] .
B. Indirect searches
The exclusion limits from the indirect searches can be obtained by studying flavor physics, measuring electric dipole moment of electron or other precision measurements [32] . These limits are highly model dependent and can not replace the direct searches. On the other hand, they are generally for 2HDM and translating them to the case of a supersymmetric model like MSSM is not trivial.
1. In b → sγ decay, a charged Higgs boson can contribute and change the branching fraction with respect to the SM-only scenario and can therefore be used to probe physics beyond the SM. In [33] , indirect mass constraints at 95% C.L. are set via B → X s γ, excluding charged Higgs boson in the 2HDM type II up to 295 GeV.
2. There are other processes where further constraints can be used in indirect searches e.g., B u → τ ν τ [34, 35] , B → Dτ ν τ [36] , D s → τ ν τ [37] and 
III. SIGNAL AND BACKGROUND PROCESSES AND THEIR CROSS-SECTIONS
The single top production occurs through electroweak interactions and proceeds through three different processes at the LHC depending on the virtuality of the W-boson involved in SM. In the t-channel, the W-boson is space-like (q 2 W ≤ 0). This process is the largest source of single top production in SM and its cross-section is around one third of the tt cross-section. The signature of this channel is a high momentum forward light quark and a single top quark. In the s-channel process, the involved W-boson is time-like (q 2 W ≥ 0). In this case a top quark and a hard bquark are produced in final state. In the associated tW production channel, the W-boson is real The main background processes are W ± jj, W ± bb, W ± cc, tt, s-channel and t-channel single top in SM and QCD multijets production. The cross-section of all backgrounds are computed and samples are generated by PYTHIA 8.1.53 [39] except W ± jj, W ± bb and W ± cc (also called "W+2jets") which are calculated using Madgraph [40, 41] with a kinematic preselection cut applied as P jets T > 20 GeV. The W+jets events from Madgraph and also signal events generated using CompHEP [42, 43] are obtained as output files in the LHA format [44] and passed to PYTHIA for multi-particle interaction, parton showering and hadronization. The corresponding cross-sections of all these process are listed in the Table 2 . For signal cross-section calculation CompHEP package is used using the charged Higgs total decay width calculated by FeynHiggs [13] [14] [15] . The results for decay widths are shown in Fig.4 .
The cross section of the signal includes both diagonal and off-diagonal contributions of the incoming partons. In order to see the relative contribution of each incoming parton pair, the cross section formula can be written in terms of the product of the charged Higgs partial decay rates,
is incoming (outgoing) parton pair. This is, however, a partonic interaction which should be convoluted with parton distribution functions f (x, Q, i) where x is the proton momentum fraction carried by the parton, Q is the momentum transfer (set to the charged Higgs mass) and i is the parton index. It may not be obvious how different contributions are compared but the cb incoming pair has the largest contribution to the cross section. In fact its contribution is larger than the diagonal contribution of cs pair. The reason is as follows. The charged Higgs decay rate is proportional to the square of the CKM matrix element as well as the square of the down type quark mass at high tan β values (for tan β values considered in this paper, this is a good approximation). This is shown in Eq. 1.
A comparison of the parton distribution functions (shown in Fig. 2) shows that the b-quark distribution is roughly one third of that of the c-quark. The ratio of cross sections of the two incoming states can be written asσ
Therefore the ratio of differential cross sections for a given x and Q is
Using quark masses at the scale of Q = 200 GeV, i.e., m b = 2.63 GeV and m s = 0.05 GeV, and the CKM matrix elements as V cb = 0.04 and V cs =1, and the ratio of parton distribution functions equal to 3, one would obtain the ratio of cross sections to be ∼ 1.5. This factor means that a large part of the total cross section comes from the off-diagonal contribution of cb pair. Therefore the total cross section is ∼ 2.5 times that of the cs initiated process. Fig. 3 shows contribution of each incoming state to the total cross section.
The integration over parton level cross-sections is performed using CTEQ 6.6 parton distribution function (PDF) provided by LHAPDF 5.9.1 [45] at nominal LHC centre of mass energy √ s= 14
TeV. The total cross-section is the sum of all initial states, i.e., the diagonal and off-diagonal couplings as shown in Fig. 5 at various tanβ values. In order to get the σ × BR(W + → jj), a 
IV. EVENT SELECTION AND ANALYSIS
The approach used in this analysis is the same as a typical physics channel analysis in the sense that first the signal and corresponding background samples having similar final states are identified and then cross sections are calculated by the event generators. Decay widths of particles can be calculated using available packages and used in cross section calculation. The algorithm then starts with optimized selection cuts using kinematic features of the signal and background and their kinematic differences and eventually the signal statistical significance after all selection cuts is calculated. Different mass windows may be applied at each point for selecting W boson, top quark and charged Higgs invariant mass distributions. The detailed analysis is expressed as follows.
The final state of signal events as shown in Fig. 1 contains a collection of 2 lights jets and 2 b-jets. First the jets reconstruction is performed and jets are selected if they satisfy the requirement of having E jet T > 20 GeV and |η| < 2.5, where E T is transverse energy of the jet and η is pseudorapidity defined previously. An event has to have 4 jets passing above requirement, two of which are b-tagged.
The b-tagging is emulated by a jet-quark matching algorithm which calculates the spatial distance between the reconstructed jet and a b or c quark from generator level information in terms of ∆R. If ∆R(jet, quark) < 0.2 with p T > 50 GeV and |η| < 3.0, the jet is flagged as a b-jet. The b-jet efficiency is assumed to be 60% while c-jet mis-tagging rate is taken to be 10%. The existence of 2 b-jets in the event is expected to dramatically suppress the Wjj and QCD sample. However, as will be seen that the Wjj and tt events are the main background.
The jets which do not satisfy the b-jet requirement are declared as light jets. For W boson invariant mass reconstruction, two leading jets are selected with same p T and η cuts applied on all jets. The low jet multiplicity is a feature of signal events which can be used to suppress tt events and single W events accompanied by more than two jets. Fig. 6 shows a comparison between signal and background events in terms of their jet multiplicities. Throughout the paper, plots are shown with a signal comprising of a charged Higgs mass m ± H = 200 GeV and tan β = 50 abbreviated as "ST20050". The tanβ factor only contributes to the signal cross-section without changing the shape of distributions. In Fig. 7 and Fig. 8 Furthermore, another important and interesting aspect of s-channel signal events is that they tend to produce the top and bottom quark pair in opposite directions due to the typical nature of s-channel processes. This feature should appear in azimuthal plane of the detector too. Therefore Higgs with m H ± = 180 GeV has not been considered because its mass is close to the top quark mass and is hard to observe due to a very limited phase space available for the charged Higgs decay to top and bottom quarks. This feature results in soft kinematics of the final state particles.
The charged Higgs is reconstructed through jjjb combination which is considered as the charged Higgs candidate as plotted in Fig. 15 with all dominant backgrounds. Charged Higgs "ST20050" mass peak can be seen clearly with significant background suppression. However, there are always fraction of fake entries from background and systematic uncertainties. If each distribution is normalized to the real number of events at 30 f b −1 including selection efficiencies, Fig.16 is obtained.
In the hadron collider experiments, the realistic approach needs to take care all the sources of uncertainties which must be taken into account including electronic noise, pile-up, trigger, vertex etc. To assess the impact of systematic uncertainties arising from detector simulation, the selection cuts are re-applied after shifting a particular parameter up and down by one unit of uncertainty.
In this analysis, where the final state is fully hadronic and large number of jets are expected, the jet energy uncertainty is expected to be the dominant source of uncertainty at the current LHC stage and it may be less than 1% in the central part of the detector for jets having transverse energies in the range 55 to 500 GeV [50] . The correction coefficient of the jets four momentum may include several multiplicative factors for Data/MC calibration, jet energy scale uncertainties and off-set effects. In addition some other sources of uncertainties are also expected e.g., the uncertainty from the fit function, the uncertainty on the b-tagging (mis-)identification efficiency and the background modeling contributing in the total background probability density function.
The latter part essentially relies on the correct understanding of background distributions which is well achievable in the real data analysis where the distributions of the different backgrounds are taken from real data and then MC are used for comparison to obtain a reasonable parton density function of the total background. The uncertainties on the scale factors arise from the statistical uncertainty of the factors; the effect of binning in trigger periods, the effect of binning in number of tracks associated with the selected jets and a potential kinematic bias, evaluated by varying the jet p T selection criterion. These systematic uncertainties are strongly correlated by statistical effects, so they are each considered individually in the complete analysis, rather than as a combined uncertainty. So the detailed calculation of systematics is beyond the scope of this analysis.
Finally in Tab. IV the number of signal and background events, corresponding efficiencies to the charged Higgs mass windows, S/B ratio and the optimized signal significance (S/ √ B) are shown.
The S/B approaches to its best value around 37%. The charged Higgs mass window is applied in the specific region where a maximum signal significance is achieved. This condition suppress significant amount of background events. The QCD jets are restricted at the jets-quark matching stage. By generating a large statistics of QCD sample not even few events could survived effectively.
At the end to demonstrate the results validity in the MSSM parameter space within the presence of all previous experimental constraints, 5σ discovery contours and exclusion curves at 95%
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